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ABSTRACT
The production site of gamma-rays in blazar jet is an unresolved problem. We present a method to
locate gamma-ray emission region in the framework of one-zone emission model. From measurements
of core-shift effect, the relation between the magnetic field strengths (B′) in the radio cores of jet
and the distances (R) of these radio cores from central supermassive black hole (SMBH) can be
inferred. Therefore once the magnetic field strength in gamma-ray emission region (B′diss) is obtained,
one can use the relation of B′-R to derive the distance (Rdiss) of gamma-ray emission region from
SMBH. Here we evaluate the lower limit of B′diss by using the criteria that the optical variability
timescale tvar should be longer or equal to the synchrotron radiation cooling timescale of the electrons
that emit optical photons. We test the method with the observations of PSK 1510-089 and BL
Lacertae, and derive Rdiss < 0.15δ
1/3
D (1 + A)
2/3 pc for PSK 1510-089 with tvar ∼ a few hours, and
Rdiss < 0.003δ
1/3
D (1 + A)
2/3 pc for BL Lacertae with tvar ∼ a few minutes. Here δD is the Doppler
factor and A is the Compton dominance (i.e., the ratio of the Compton to the synchrotron peak
luminosities).
Subject headings: galaxies: jets - gamma rays: galaxies - radiation mechanisms: non-thermal
1. INTRODUCTION
Blazars are one class of radio-loud active galactic nu-
clei (AGNs), pointing their relativistic jets at us. Ac-
cording to the features of optical emission lines, blazars
are usually divided into two classes: BL Lac objects
(BL Lacs) with weak or even no observed optical emis-
sion lines and flat spectrum radio quasars (FSRQs) with
strong optical emission lines (Urry & Padovani 1995).
Multi-wavelength radiations spanning from radio, opti-
cal to TeV gamma-ray energies have been observed from
blazars. Blazar emission is generally dominated by non-
thermal radiation from relativistic jet. The broadband
spectral energy distribution (SED) of a blazar has two
distinct humps. It is generally believed that the first
hump is the synchrotron radiation of relativistic elec-
trons in the jet, however the origin of the γ-ray hump
is uncertain.
Leptonic and hadronic models have been proposed to
produce the second bump (see, e.g., Bo¨ttcher et al. 2012,
for review). In leptonic models, γ rays are produced
through inverse Compton (IC) scattering of high energy
electrons, including synchrotron-self Compton scattering
(i.e., SSC; e.g., Maraschi et al. 1992; Tavecchio et al.
1998; Finke et al. 2008; Yan et al. 2014) and external
Compton (EC) scattering (e.g., Dermer & Schlickeiser
1993; Sikora et al. 1994; B laz˙ejowski et al. 2000;
Dermer et al. 2009; Paliya et al. 2015). γ rays in
hadronic models can be attributed to the processes
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including proton- or pion-synchrotron radiation
(Mannheim & Biermann 1992; Aharonian 2000;
Mu¨cke et al. 2003) and pγ interactions induced cas-
cade (Bo¨ttcher et al. 2009, 2013; Murase et al. 2014;
Mastichiadis et al. 2013; Weidinger & Spanier 2015;
Yan & Zhang 2015; Cerruti et al. 2015). In general,
both leptonic and hadronic models are able to reproduce
the SEDs well, but they require quite different jet
properties. For instance the hadronic models require
extremely high jet powers for the most powerful blazars,
FSRQs (Bo¨ttcher et al. 2013; Zdziarski & Bo¨ttcher
2015).
In blazar jet physics, an open question is the lo-
cation of gamma-ray emission region, which controls
the radiative cooling processes in both leptonic and
hadronic models. The location also means the place
where the bulk energy of the jet is converted to
an energy distribution of high energy particles. Be-
cause the gamma-ray emission region is usually com-
pact, it cannot be directly resolved by current detec-
tors. Many methods have been proposed to constrain
the location of the gamma-ray emission region (e.g.,
Liu & Bai 2006; Tavecchio et al. 2010; Yan et al. 2012;
Dotson et al. 2012; Nalewajko et al. 2014; Jorstad et al.
2001, 2010; Agudo et al. 2011; Bo¨ttcher & Els 2016).
One popular method is to model the SEDs of FSRQs,
and the location of the gamma-ray emission region (i.e.,
the distance from central back hole to the gamma-ray
emission region) is treated as a model parameter (e.g.,
Yan et al. 2015).
Recently some methods independent of SED modeling
are proposed to locate the gamma-ray emission region.
Dotson et al. (2012) suggested that the energy depen-
dence of the decay times in flare profiles could reflect the
property of IC scattering. If the decay times depend on
gamma-ray energies, it indicates that IC scattering hap-
pens in the Thomson region where the electron cooling
time due to IC scattering depends on the energy of the
2electron. This situation will occur when the gamma-ray
emission region locates in dust torus where the seed pho-
tons for IC scattering have the mean energy of ∼ 0.1 eV
(Dotson et al. 2012, 2015; Yan et al. 2016a) . Moreover,
the variability timescales of gamma-ray emissions also
provide hints for the location of the gamma-ray emission
region. For instance fast gamma-ray variability indicates
that the emission region is very compact, which is usu-
ally thought to be close to the central black hole (e.g.,
Tavecchio et al. 2010).
Currently there is no consensus on the location of the
high energy dissipation region. The results given by the
methods mentioned above are very inconsistent, from
0.01 pc to tens of pc (Nalewajko et al. 2014).
As suggested by Wu et al. (2018), we also use the
relation of B′-R derived in the measurements of ra-
dio core-shift effect (e.g., O’Sullivan & Gabuzda 2009;
Sokolovsky et al. 2011; Zamaninasab et al. 2014), to con-
strain the location of high energy dissipation in blazars.
In Wu et al. (2018), the magnetic field strength in
gamma-ray emission region was derived in modeling
SED. Here we use optical variability timescale to con-
strain the magnetic field strength in gamma-ray emission
region, and therefore our method is fully independent of
SED modeling.
2. METHOD AND RESULTS
2.1. Method
The variabilities of synchrotron radiations (e.g., vari-
ability timescale and time delay between emissions
in different bands ) have been suggested to estimate
comoving magnetic field (e.g., Takahashi et al. 1996;
Bo¨ttcher et al. 2003).
Optical emission with fast variability from blazar is
believed to be synchrotron radiation of relativistic elec-
trons. If electron cooling is dominated by synchrotron
cooling, the cooling timescale of electron in comoving
frame is given by (e.g., Tavecchio et al. 1998)
t′cooling =
3
4
mec
2
σT c
(γuB)
−1 =
6pimec
σT γB′2diss
, (1)
where uB = B
′2
diss/8pi is the energy density of the mag-
netic field in comoving frame, me is the mass of elec-
tron, σT is the cross section of Thomson scattering, γ is
the electron energy. Meanwhile, the observational syn-
chrotron frequency is written as
νsyn =
4
3
νLγ
2 δD
1 + z
≈ 3.7× 106γ2
B′diss
1 G
δD
1 + z
Hz , (2)
where νL = 2.8 × 10
6(B′diss/1 G) s
−1 is the Larmor fre-
quency, and z is redshift.
The observational variability timescale tvar can be
taken as the upper limit for the cooling timescale in
observer frame tcooling = t
′
cooling(1 + z)/δD, i.e., tvar ≥
tcooling. Then we can get the lower limit for magnetic
field strength from equation (1) and (2), i.e.,
B′diss ≥ 1.3× 10
8t−2/3var ν
−1/3
syn δ
−1/3
D (1 + z)
1/3 G , (3)
where tvar is in unit of second and νsyn in unit of Hz.
If electron cooling is dominated by EC cooling in the
Thomson regime, the cooling timescale of the electron in
equation (1) should be modified by a factor of (1 + k)−1
(Bo¨ttcher et al. 2003), and then the lower limit of B′diss
in equation (3) is modified by a factor of (1+k)−2/3. Here
k is the ratio of the energy densities between an exter-
nal photon field and the magnetic field in the comoving
frame. k can be replaced with Compton dominance A,
i.e., the ratio of IC to synchrotron peak luminosity (Finke
2013).
In analogy to the calculation of A in
Nalewajko & Gupta (2017)5, A can be calculated
as A = L1−100 GeV/Loptical, where L1−100 GeV is the
luminosity between 1 GeV to 100 GeV and Loptical is
the optical luminosity.
Radio telescopes have the capability to resolve the
structure of blazar jet on ∼pc scale. Very long base-
line interferometry (VLBI) observations showed that
core-shift effect (the frequency-dependent position of
the VLBI cores) is common in AGNs. The core-shift
effect is caused by synchrotron self absorption (e.g.,
Blandford & Ko¨nigl 1979). Under the condition of the
equipartition between the jet particle and magnetic field
energy densities, core-shift effect can be used to eval-
uate the magnetic field strength along the jet, and a
relation between the magnetic field strength (B′, in
units of Gauss) and the distance along the jet (R, in
unit of pc) was found, i,e, B′ ∝ (R/1 pc)−1 G (e.g.,
O’Sullivan & Gabuzda 2009; Zamaninasab et al. 2014).
Assuming that this relation still holds on in the sub-pc
scale of the jet, we then can use it and the lower limit
for B′diss derived by using optical variability to constrain
the distance of gamma-ray emission region from SMBH
(Rdiss).
2.2. Results: testing the method with PKS 1510-089
and BL Lacertae
Here we use observations of two blazars to test the
feasibility of our method.
PKS 1510-089 (z=0.361) is a TeV FSRQ. Using four
bright gamma-ray flares detected by Fermi-LAT in 2009,
Dotson et al. (2015) located its high energy dissipation
region in dust torus (DT). In May 2016, H.E.S.S. and
MAGIC detected a very high energy (VHE) flare from
PKS 1510-089 (Zacharias et al. 2017). During the VHE
flare, its optical emission also presented activity. The R
band (the frequency is 4.5×1014 Hz) flux decreased from
1.4 × 10−11 erg cm−2 s−1 to 1.1 × 10−11 erg cm−2 s−1
within ∼ 2 hr (see Fig. 2 in Zacharias et al. 2017). We
adopt the variability timescale tvar ≈ 2 hr.
In hadronic models, the electron cooling in a FSRQ is
dominated by synchrotron cooling (e.g., Bo¨ttcher et al.
2013; Diltz et al. 2015). Using equation (3) we derive
B′diss ≥ 5δ
−1/3
D G. With this magnetic field strength,
we can constrain the distance Rdiss using the relation of
B′ ≈ 0.73·(R/1 pc)−1 G provided by Zamaninasab et al.
(2014), and derive Rdiss < 0.15δ
1/3
D pc.
In leptonic models, the electron cooling in a FSRQ
is dominated by EC cooling. Then we have B′diss ≥
5δ
−1/3
D (1 +A)
−2/3 G, and Rdiss < 0.15δ
1/3
D (1 +A)
2/3 pc.
For Fermi-LAT FSRQs, A is in the range from 0.1 to 30
(Finke 2013; Nalewajko & Gupta 2017). Dermer et al.
5 They defined Compton dominance as the ratio of Fermi-LAT
luminosity above one GeV to the WISE luminosity at 3.6 µm.
3(2014) showed that for 3C 279 the value of k varies from
∼3 to 20 from low states to high states. For PKS 1510-
089, Saito et al. (2015) derived k ∼ 20 from the SED
during a γ-ray flare in March 2009.
Taking δD = 30 and A ∼ k = 20, we derive Rdiss <
0.5 pc for hadronic models, and Rdiss < 3.5 pc for lep-
tonic models. Note that A is sensitive to observing time
for FSRQs, hence an A obtained from simultaneous ob-
servation should be used in practice.
The sizes of broad line region (BLR) and dust
torus can be estimated with the disk luminosity Ldisk
(Ghisellini & Tavecchio 2009; Ghisellini et al. 2014):
rBLR = 10
17(Ldisk/10
45 erg s−1)1/2 cm ,
rDT = 10
18(Ldisk/10
45 erg s−1)1/2 cm .
For PKS 1510-089, Ldisk ≈ 5.9 × 10
45 erg s−1
(Castignani et al. 2017), we obtain rBLR ≈ 0.1 pc and
rDT ≈ 0.8 pc.
Because BLR photons will attenuate gamma-ray pho-
tons above ∼ 30/(1 + z) GeV6, the detection of VHE
photons from PKS 1510-089 indicates that its gamma-
ray emission region should be outside the BLR. Our re-
sults support the scenario that the gamma-rays of PKS
1510-089 are produced in dust torus. This is consistent
with the result in Dotson et al. (2015).
This method is also used to constrain the lo-
cation of gamma-ray emission region in BL Lacs.
O’Sullivan & Gabuzda (2009) derived a relation of B′ ≈
0.14·(R/1 pc)−1 G for BL Lacertae (2200+420; z=0.069).
Covino et al. (2015) reported a very fast optical variabil-
ity for this source. On 2012 September 1 the R-band flux
decayed by a factor of about 3 in 5 min. This fast vari-
ability requires B′diss ≥ 31.3δ
−1/3
D G for hadronic models,
and B′diss ≥ 31.3δ
−1/3
D (1 +A)
−2/3 G for leptonic models.
Then we have Rdiss < 0.004δ
1/3
D pc for hadronic models
and Rdiss < 0.004δ
1/3
D (1 +A)
2/3 pc for leptonic models.
For Fermi-LAT BL Lacs, A is in the range from 0.1 to
3 (Finke 2013; Nalewajko & Gupta 2017). Abdo et al.
(2011) showed that from a low state to a flare state, k
varies from ∼ 0.1 to 3 for BL Lacertae. Using δD = 30
and k = 3, we have Rdiss < 0.01 pc for hadronic models
and Rdiss < 0.02 pc for leptonic models.
Raiteri et al. (2009) estimated that the accretion disk
luminosity Ldisk is 6×10
44 erg s−1 for BL Lacertae. The
energy density of the photon field attributed to accretion
disk radiation at Rdiss = 0.02 pc is ∼0.4 erg cm
−3 which
is much greater than the energy density of BLR pho-
ton field of ∼0.01 erg cm−3 (e.g., Ghisellini & Tavecchio
2009; Hayashida et al. 2012). However this situation pro-
hibits the production of VHE photons because of γ-γ
absorption by accretion disk photons and BLR photons.
Therefore the detection VHE photons (e.g., Arlen et al.
2013) cannot be accompanied with a fast optical vari-
ability with tvar ∼ 5 min.
Here we just aim to present the constraints on Rdiss
given by using various optical variability timescales, i.e.,
the feasibility of our method. From the above descrip-
tions, one can find that our method is very effective, es-
6 Assuming that the BLR radiation field is dominated by Lyα
line photons with the mean energy of ≈ 10 eV.
pecially for the source having fast optical variability. In a
specific study it is better to choose simultaneous optical
flare respect to gamma-ray emission to obtain variability
timescales and Compton dominance, and the definition
of the variability timescale should be clarified.
3. DISCUSSION
Our method for locating the gamma-ray emission re-
gion relays on two assumptions:
(1) optical and gamma-ray emissions are produced in
the same region;
(2) the relation of B′-R obtained from radio core-shift
measurements can be extrapolated into sub-pc scale of
jet.
In general, the first assumption still works in the cur-
rent blazar science, although a class of orphan gamma-
ray flares seems challenge the one-zone emission model
(e.g., MacDonald et al. 2017). For the second assump-
tion, O’Sullivan & Gabuzda (2009) extended the relation
to the distance of 10−5 pc at the SMBH (very close to
the black hole jet-launching distance), and found that
the extrapolated magnetic field strengths are in general
consistent with that expected from theoretical models
of magnetically powered jets (e.g., Blandford & Ko¨nigl
1979). So far, the above assumptions are reliable.
Besides the two assumptions, our constraint slightly
relies on the value of Doppler factor, ∝ δ
1/3
D ; while it
depends on Compton dominance A in leptonic models,
∝ (1 + A)2/3. In addition to the relation of B′-R, our
method only requires simultaneous γ-ray and optical ob-
servations.
The stringency of our constraint mainly depends on the
precision of the measurement for the relation of B′-R.
Pushkarev et al. (2012) and Zamaninasab et al. (2014)
derived this relation for over 100 blazars by measuring
the core-shift effect. Combining the measurement of this
relation and optical variability timescale, one can inde-
pendently constrain the location of gamma-ray emission
region in blazar.
We use two TeV blazars, PSK 1510-089 and BL Lac-
ertae, to test our method. Using the R-band vari-
ability with tvar ≈ 2 hr for PKS 1510-089, we derive
Rdiss < 0.15δ
1/3
D (1 + A)
2/3 pc for leptonic models and
Rdiss < 0.15δ
1/3
D pc for hadronic models. Using a typical
value δD = 30 and a large enough value A = 20, we derive
Rdiss < 0.5 pc for hadronic models and Rdiss < 3.5 pc
for leptonic models.
For BL Lacertae, we use a very short optical variability
timescale of tvar ≈ 5 min reported in Covino et al. (2015)
to estimate the lower limit for magnetic field strength,
and derive Rdiss < 0.003δ
1/3
D pc for hadronic models and
Rdiss < 0.003δ
1/3
D (1+A)
2/3 pc for leptonic models. Using
a typical value δD = 30 and a large enough value A = 3,
we have Rdiss < 0.01 pc for hadronic models and Rdiss <
0.02 pc for leptonic models.
One can see that with various optical variability
timescales from minutes to a few hours, the high en-
ergy emission region can be located within pc or subpc
scale from central black hole in the framework of one-
zone emission model. The lower limit for the distance of
the emission region from SMBH can be estimated by the
absorption of GeV-TeV photons from low energy pho-
4tons around jet (e.g., Liu & Bai 2006; Bai et al. 2009;
Bo¨ttcher & Els 2016).
By modeling blazar SED, one can determine emis-
sion mechanisms and physical properties of the rela-
tivistic jets (e.g., Ghisellini et al. 2010, 2014; Kang et al.
2014; Zhang et al. 2015). In the previous studies, B′diss,
Rdiss, and other model parameters are fitted together.
There are degeneracies between model parameters (see
Yan et al. 2013, 2015, for correlations between model
parameters given by Markov Chain Monte Carlo fit-
ting technique). Our method provide independent con-
straints for B′diss and Rdiss, and break degeneracies be-
tween model parameters. This will lead to better under-
standings of emission mechanisms and physical proper-
ties of the relativistic jets.
It should be noted that the relation of B′-R is de-
rived under the assumption of the equipartition be-
tween electron and magnetic field energy densities (e.g.,
O’Sullivan & Gabuzda 2009). On the aspect of SED
modeling, it is found that the SEDs of FSRQs and
low-synchrotron-peaked BL Lacs (LBLs) can be success-
fully fitted at the condition of (near-)equipartition be-
tween electron and magnetic field energy densities in lep-
tonic models (e.g., Abdo et al. 2011; Yan et al. 2016b;
Hu et al. 2017), while the leptonic modeling results for
the SEDs of high-synchrotron-peaked BL Lacs (HBLs)
are far out of equipartition (e.g., Dermer et al. 2015;
Zhu et al. 2016). Therefore, for consistency, our method
is applicable for FSRQs and LBLs in the framework
of leptonic models. The jet equipartition condition in
hadronic models is rather complex. The modeling results
are inconsistent (e.g., Bo¨ttcher et al. 2013; Diltz et al.
2015). It is unknown whether the (near)-equipartition
condition could be achieved in hadronic models.
4. CONCLUSION
We presented an effective method for constraining the
location of gamma-ray emission region in blazar jet in
the framework of one-zone emission model. Our method
uses the relation of B′-R derived in the VLBI core-shit
effect in blazar jet. The lower limit for magnetic field
strength in gamma-ray emission region is estimated by
utilizing the fact that the optical variability timescale
should be longer or equal to the synchrotron radiation
cooling timescale of the electrons that produce opti-
cal emission. Then the upper limit for the location of
gamma-ray emission region is derived with the relation
of B′-R. Our method is applicable for LBLs and FSRQs.
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